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THE LANGLEY TWO-DIMENSIONAT T.OW-TURBULENCE
'~ PRESSURE TUNNEL |
By Albert E. von Doenhoff and Frenk T. Abbott, Jr.

SUMMARY

A description is presented of the Langley two-dlmensional
low-turbulence pressure tunnel and s hisgtory is given of the work
done at the Lengley Memorial Aeronautical Laboratory which led to
the achievement of a remarkebly low level of turbulence in the
alr stream of this wind tunnel. -The types of investigations to
which the twnnel is sulted and the methods of obtainling.and
correcting data are also dilscussed.

INTRODUCTION

Prior to the constructlion of the Langley two-dimensional
low-turbulence pressure tvnnel, the largest amount of comparable
alrfoil deata was obtained from tests in the NACA varisble~
density tunnel at a test Reynolds number of approximately

IX 106. The turbulence level of the WACA varisble-~density
tunnel was quite high as indlcated by the low value of critical
Reynolds number for a sphere (150,000). Although the effective
Reynolds number concept appeared to be valld for some types of
airfoll sections wlth regerd to maximum 1ift, 1t did not appear
to give satisfactory corrections for drag coefficients measured
in e turbulent alr stream. (See reference 1.)

An investigation of tapered wings by Anderson (reference 2)
indlcated that the characteristics of wings of usual plan form
could be satisfactorily computed from the aerodynamic characteristice
of the component airfoll sections. It seemed desirable, therefore,
to design a tunnel especially for testing airfoil sections and
capable of obtaining data at Reynolds numbers at least as high as
would be reached by any alrplane likely to he designed in the near
future. Such considerations led to the design and construction
of the Langley two-dimensional low-turbulence.pressure tunnel.
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Characteristice particularly desired for this tunnel were
full-scale Resynolds numbers, extremely low air-stream turbulence,
and convenient model size. Full-scale Reynolds numbers are
obtained with moderate amounts of power by compressing the air
in the wind tunnel %o incvease its density and by mounting models
so thet the test section 1s completely spanned. Increasing the
density of the alr to 10 times its normal value gives a corre-
soonding incresese in Reynolds numbsr since thers is essentially
no change in ebsolute viscosity due to changs in pressure in thie
range of preasures. Mounting models go that the test sectlion ls
completely spanned allows the Reynolds number to be increased by
making possible a much larger ratioc of model size to tunnel cross
section since the alr flow acts only in two dimeneions and cross
Plows around the ends of the span are prevented. Mounting the
models in thls mammer is also advantageous in tesgts of sectlon
characteristice since the difficulties associated with aspect
ratio and tare corrections sre eliminated.

Low turbulence was madse possible by using a large area
reductlon between the entrance cone and the test secticn and
by the introduction of a number of fine-wire small mesh screens
in the entrance cone.

The sizes of thé models, varying frem approximately 24 inches
to 100 inches, are small enough to permit them to be easily
handled without the ald of euxiliary hoists, yet large enough that
malntaining adequate model accuracy is not too difficultb.

Acknowledgement is gratefully expressed for the expert
guidance and meny original contributions of Mr. Eastmen N. Jacobs,
who supervised the design of the tunnel and the development of
many of the exnerimental techniques.

SYMBOLS
A area of individual integrating manometer tube
& alrfoil mean lineldesignation, fraction of chord from

leeding edge over which design load is uniform; also in
derivation of equation for integrating manometer,
helight of liquld in menometer when sems pressure

15 applied to all tubes

B dimensionless constant determining width of walks

»
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b in derivation of integrating manometer equation, height of
liquid in integrating tube when pressure distribution is
applied to manometer and reference presasure is applied
to integrating tube and reference tubes

c chord

c3 section drag coefficlent

cg' section drag coefficient uncorrected for tunnel-wall
offects

ch section drag coefficient measured in tunnel

¢y section 1ift coefficient .

ey’ section 1lift coefficient uncorrected for tumnnel-wall
effects

g section 11ft coefficient measured in tunnel

czi design sectlion 1ift coefficient

cmc/lL moment coefficient about guarter-chord point

cmc/u' moment coefficient about quarter-chord point measured in

tunnel

F average of velocity readlings of orifices on floor and
celling used to measure blocking at high lifts

Fo average valve of F in low-1ift range

calibration factor for measured tunnel stetic preassure

free~stream total pressure

coefficient of loss of total pressure in waie <%L-:~§%)

fap
Ho
K@ total Yressure in wake
H
c L 1o

hT tunnel height

By 5 ,..; height of 1iquid in eny individusl tube when pressure
P distridbution is applied to manometer ]
cg'
K a o

Cdp
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in derivetion of integrating menometer equation,
ratio of coribined arsa of tubes commected to
reference pressure tu arca of a tubs connsotzd
to an individuwal orifico

length over which pressurs measursments aye mede

distance beotween mniformly spaced pressurs orifices

Mach number

numbar of individuel tubsa in Integrating manocmister or
individu=l pressure orificas

recultant pressure cuefficient, dilffersncs baiwrsen

local vpver-smface end lower-sucfacs prossurs
coefficients
"

local pressure on airfoil surface

statlic pressure at any point on turnel floor within
length L

static pressure at any point on tunnel ceiling within
length 1.

static vpressurc in wake

prossure applied.' to individual mancweter tibe

roferencs presgurs

free~ytream dynemic ﬁressw:'e at pogition of dturbulence-~
reduecing scresng |

nressure in tezt sschicn

froe-stroem dynamic pressure in test section uncorrected
for tunnel wall effects

Raynolds nunber (Y-G-w
v,

!
boundary-layer Reynolds numbheor C‘-;)

Hy, - D
pregsure coefficisnt —

%o

HI -
static~-pressure coefficient in wale Q-’-—-(;—Pl'
o
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v froe-gtream veloclty

AV increment in free-stream velocity due to blocking

¥'! corrected indicated turnmesl velocity

V"  tunmel velocity measursd by static-prossure orifices
v velocity at any pclnt on surface of airfoil

x distence along airfoll ch?rd or center line of tvonel

‘B
Y  veriabls cf integration L%ED

e

distance perpendiculer to ctream direction
spacing of total-prassure tubes in reke
¥y orxdinets ol symmebtrical thicimsas distribution

¥y Qistance perpendicular to stream directicn from pesition
of  FHomex

~—~—= glops of surface of sy-metricael thiclmess distribution

%, angle of zero lift
%o gsectlon anzle of attack corrscted for tunnel-wall effects

oo! ssction angle of ettack measured in tunnel

Apgp differencs in mencmeter readings used. to measure tunnsl
dyramic pressure (o' = AvgoPfgp)

5 distance normal to a surface from surfecs to point in
bovndary layer where dynanic pressure is one-nalf iks
local valus outsids houndery leyer

kil ratlo of meesured 1irt to actual 1ilt for any type of 1ift
distributicn

Ty n-factor for additional-type loading
T, N-factor for basic mean-line loading

Ny n-factor epplying to a point vortex

(S}
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A component of blocking factor dependent on shave of body
v kinematic viscosity

3 quantlity used for correcting effect of body upon velecity
measured by static-pressure orifices

[} density of manometer liquid

1] component of blocking factor dependent on size of vody

BISTORY OF DEVELOEMENT
Doscription of the Langley Two-Dimensiosnal

Low-Turbulence Tunnel:

Because the shape of the air passages of thes proposed pressurs
tunnel were unusual, and because of the fact that the means
proposed for obiteining low turbulence had never been checked at
high Reynolds numwbers, 1t was deairable to build & model of the
propogsd tunnel to etudy 1ts flow characteristics and to develop
means for producing a satisfactory alr stresm. The Reynolds
number of tests In such a model tunnel had to be at leaest as
high as those in the lower range of flight Reynolde numbers in
order to obtaln a rellable indication of the effective turbulencs
level. A full-size model of the proposed tunnel, dessigned
to operate only at simospheric pressure, was therefore built.
This tunnel is ceglled the Langley two~dimensional low-turbulence
tunnel.

This tunnel was completed in April 1938. It was originally
deaignated the NACA ice tunnel because of the incorporation of
refrigerating equipment in the design to permit lcing experiments.
The tunnel 1s of closed throat type, bullt of wood with a sheet
steel lining. Because of the contemplated icing experiments, 1t
was heavlly insulated on the cutside. PFlgure 1 shows the shape
of the slr passages of thie tunnel. The test section is rectangular

in shaps, 7% feet high,and 3 feet wide, and was deslgned so that

nmedels could be tested completely spanning the 3-foot width. The
test ssction is 7% feet long but models having chords as large

a8 100 Inches have been tested. Power sunplied by a 200D-horesepcwer
direct~current motor provides a maximum spesd of gbout 155 miles
per hour with a dynamic pressure of about 60 pounds per egusre fogb.
These conditions give A maximum Reynolds number of about 1.4 x 10
ver foot of mcdel chord.
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Surveys of the alr streem of the test section showed a varilation
in static and dynamlc pressure of less than 0.25 psrcent of the
dynamic pressure in the region normally occupled by the model. The
angular variation of the air-stream direction in the same reglon
wvas less than 0.2°. The variation in static pressure longitudinally
over. the length of the test section was 0.5 percent with a
variation of cnly 0.25 percent over a 2-foot length at the model
nounting point. Uniformlty of  the pressure gradient in a longi-
tudinal direction was obtelned by adijusting slots in the vertical
walls of the test section to allow air to bleed out. A positive
pressure is buillt up in the test section to accomplish this
bleeding by means of a blower which discharges ailr into the tunnel
through an annular-slot downstream of the test section.

Boundary-layer control of the short exit cone of this ‘tumnel,
an unusual feature, 1s accomplished by meanas of two annular slote
a8 shown In figure 1. Alr from the boundary layer of the exit
cone is sucked into the upstream slot by means of a L5-horsepower
blower and is dlscharged into the tunnel with increased velocity
through the dowvnstresm slot.

Previous experience with the Lengley smoke-flow tumnel
indicated that turbulence could be reduced by the use of a large
area reductlon through the entrance cone and dense screens in |
the large sectlon ahead of the entirance cons. This experience,
was used In the design of the Langley two~dimensionsl low- .
turbulence tummel. The section of the tunnel immedistely ahead
of the entrance cone was made 21 feet square, which gives an
erea reduction of about 19.6 to 1 between this section and the
test section. In this large section a honeycomb msde with 9-inch-
square cells was installed. On the upstream side, the honseycomb
was covered with a 30-mesh standard wire screen, and on the
downstream side with a 60-mesh screen made of 0.0065-inch-diamster
wire. The honeycomb was made up of nine sections, each 7 Fest
square. The unusually rapid expansion of the tunnel alr pessage
immediately upstream of the honsycomb screens considerably
reduced the length of the alr passage. Such a rapld expansion
is permisslble because the dynemic pressure of the alr stream
at this point is relatively low and any vnevenness of flow is
smoothed out by the high pressure drop of the honeycomb screens. .

The first alrfoil tests were made on & low-drag type of
airfoil section, and the measured drag coefflicient was 0.0030,
about 50 percent less than had previously been measured on an
“alrfoll of comparsble thickness. This test was carried out in
June 1938. Comparison of this drag coefficient with the laminar
and turbulent skin-friction curves showed that the flow over the
alrfoll was laminar over more than half the surface. Comparison
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of other airfoll test results with those obtained in flight also
indlicated that a very low turbulence level had been achieved. It
was not considered probable, however, that the desired effective
zero turbulence level, that is, a level at which the alr-gtream
turbulence would have a vanishing effect upon boundary-layer
transition, had been reached. Under favorable conditions, boundary-
layer Reynolds numbers, Rg, of about 5000 were measured in the

tunnel for. some airfolls compared with Ry of 7500 to 9000
obtained in flignht. (Sge reference 3.)

Turbulence measurements made in January 1940 with a
National Bureau of Standards hot-wire anemometer also indicated
that the alr stream had a reasonadbly low turbulence level comparsed
with other wind tunnels. The horizontal turbulence components,
which are of the same order of magnitude as the vertical end
Jongitudinel components, are plotted against Reynolds number in
figure 2 and agalinst spanwise position in figure 3. The spanwlse
survey indicated that large variations in the turbulence lesvel .
vere present at points corresponding +o the relative positions
of the Jointe betwesen the 7-foot sections of the honeycomb
upstrean. :

Turbulence measurements obtained by comparison of the
critical Reynolds numbers of apheres were not made in the
Langley two-dimensional low-turbulence tunnel. Previous com-
parative tests of spheres in the Langley 8-Foot high-speed
tunnel (reference &) and in free air (reference 5) gave about
the same results. Since tests of the NACA 0012 airfoil in the
Langley R-foot high-speed tunnel (reference 6) znd in the
Langley two-dimensional low-turbulence tunnel (reference 7)
indicated a lower turbulence level in the latter tunnel, it was
concluded that the general level of turbulence was too low
for the sphere tests to glive significant results.

Inveatigation to Reduce Turbulence Level

The results of turbulence surveys and comparstive teasts in
ths Langley itwo-dimensional low-turbulence tunnsl end in flight
clearly showed the desirability of further reduction of the
turbulence level of the tunnel.  The turbulence surveys also
showed the necessity of eliminating, Insofar as possidle, the
offects of any jJoints and supports of the screen. This result
was belleved to be obtainable by the proper installation of &
number of additional screens.

Preliminary consideration of the physical factors involved
suggested. the likelihood that for & given pressure drop a number
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of screena pleaced one behind the other would be more effective in
redusing the turbulence lsvel than a single screen Lo produce the
given pressure drop. (This reasoning was later substentiated by
a more detailed investigation by Dryden and his collsborsators who
were also working on the problem of turbulence reduction at eboutb
the seme time at the National Bureau of Sterderds.) The vealiza-
tion that some ‘defects might be present in any screen installation
led to the suggestion that & number of screens, each with &
pressure drop of sbout one .q, would be a good compromise (where
q 1s the dynamic pressure of the air stream at the screens).

In a scresn installation with such a pressure drop, the effects
of the wake of a plugged spot would. be expected to 'be a'bout the
seme as the ef"‘ects of ’che Jet of an open spot.

Exoeriments were conducted during the latter part of 1339
in the Langley smoke-flow tumnel to obtain daba that might be
used in the design of an improved screen installation for the
Langley two-dimensional low-turbulence tunnel. Screen models
were mounted: in the tést ssctlon of the smoke-flow tunnel and

visual observations were made of the smoke flow through the screen.

Screens having a pressure drop of the order of ome g were
obgerved to have a marked effect on brezking up large eddies and
to reducs markedly the magnitude of the fluctuating velocities
associated with each eddy. With a 2-mesh screen having a wire
diameter of 0.1 inch, it was found that, when the spsed exceeded
approximetely 3 feet per second, the nature of “the flow through
the screen changed. Although the turbulence assoclated with
large eddies was broken up, small-scale eddies were introduced
by the wires - -thomselves. Below this critical speed the flow
appsared. to be of the viscous type and no smsll eddies were
obaerved. .

On the basis of these experimsnts ,, consideration was given
to the size of wire for the screens that were to be installed in
the langley two-dimensional low-turbulence tumnel in order that
the Reynolds number for viscous flow might not be excesded at the
highest tunnel speed and thus turbulence from ‘the wires thsm~
selves might be avoilded. A wire size of 0.0065 was found to be
suiteble and, in orfer to obtain the desired pressure drop of one
q, & 30-mesh screen with this wire diameter was selected.

Information published by Taylor on the d.eca.y of turbulence
behind screens (reference 3) indlcated: that & spacing betwsen
the screens of approximaitely 100 times the length of ons screen
meosh would be more effective than closer spacing, so thet, if
turbulence were produced by any screen, this turbulencs would
have a chance to dls out befors reeching the next screen. The
number of screens noeded was indefinite, and the final level of

N X
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turbulonce seemed to be determined by the smownt of turbulence
Introduced by the last screen. Great cere was therefore believed
necessary in the fabrication and installation of the screens.

The screen wire was mede of phosphor bronze and was woven
in strips 7 feet wide with a special selvage as shown in figure 4(a).
Thres strips were sewed together with 0.0065-inch diameter wire,
the etrend of wiro thfough each mesh at the selvage being care-~
fully l-ooped in such & manner that there was no overlapping of the
gtrips and a Jolnt was produced which presented minimum discontinuity.
Brags strips were fastened around the four sides of the completed
soreen panel and the assembly was hung Iin place in the tunnel on
springs, spaced 1 fool epart, attached to the brass-edge strips
through cables and turmbuckles. Enough tension was put in the
gprings to hold the screen taut but not to allow the stress
produced in the wires of the screen by the air stream and by
tunnel expansion to be too high. Seven layersg of screens,
spaced 3 inches, were Installed in the large section of the tunnel
downsgtream of the honeycomb. Figure 4(b) shows schematically a
sectlon of one edge of the screen and the baffles which direct
the alr streem through the screens. The installation was com-
pleted in October 1940,

Turbulence measurements were again made with the National
Bureau of Standards hot-wire apparatus in Januwary 194l. The
resulis, as shown in flgures 2 and 3, indicated that the level
of turbulence had been reduced to the order of one-tonth that of
the turbulence level before the screen installation (to about
0.01 to 0.02 percent of free-stream velocity). The large spanwise
variation formerly caused by the Jointes in the honeycomb was
now seen to be very small. A gradusl rise In the turbulence
level with incressed tunnel apeed was found. This graduval rise
In turbulence level might be influenced by an Iincrease in nolse
level with increase in propeller speod. It may be pointed out
that the turbulence level messured was sc low that 1t approached
the limit of accuracy of the apparatus.

Pigure 5 ehows the results of drag surveys on the
NACA 67-215 airfoil section before and after the installation
of the turbulence-reducing screens. The Reynolds number at
vhich the drag began to rise with increasing Reynolds number
showed a marked Increase after the screens wers installed.
Since model conditions were the same for both tests, this
increase indicates that the reducticn in turbulence level was
sufficient to affect the drag appreciably.

Information and experience obtalned from work on the
Langley two-dimensional low-turbulence tumnel proved invalusable
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in the design and operation of the Langley two-dimensional low-
turbulence pressure tunnel and was undouvbtedly a 1arge factor in
the success of the latter tumnsel. :

THE LANGLEY TVO-DIMENSIONAL LOW-TURBULENCE -
PRESSURE TUNNEL

Description

Size and renge of pressures.- The Langley two~dimensional
low-turbulence pressure tunnel is s single-return clossd-throat
tunnel, the general arrvangement of which iz shown in figures 6 4 ‘
end 7. The tunnel is constructed of heavy steel plate so that Cﬂ*‘uj“'?’
the pressure of the air mey be varied from spproximstely full 53 Braslon
vacuum to 10 etmospheres absolute, thereby giving a wide range ’
of air densities. Reciprocating compressors with a capacity of
1200 cubic feet of free air per minute provide compressed etf.
Since the tunnel shell has a volume of about B3,000. cubic fegt*
a compression rate of aspvroximately one aim@sphere per hour is: é;fV(
obtained. The tunnel has not been operated at pressures less - ’Xs
than atmospheric.

. .‘,f.‘——'.? -}

The test section is rectangular in shape, 3 feet wide,' ' a1
; : . 6
7% feet high, and 7% feet long. Tigure 8 is a view of the test . ¢

~\
section locking downstream. The alr stream enters the test A
section through a 'relatively short entrence cone from a large .
sguare section giving a contractlon ratio of 17.6 to 1.

The over-all slze of the wind-tunnel shell is about
146 feet long and 58 feet wide with & meximum diameter of
26 feet. The test section and entrance and exit cones are
surrounded by a 22-foot diameter section of the shell to
provide a space to house much of the emsentlal eguipment.
This space is called the test chamber. Figure 9 showe a view
of the interlor of the test chamber.

Curved turns et the ends of this tunnel are used ingtead
of the conventional right angle corners to minimize the stress
concentrations assocciated with the high ailr pressures used. The
use of continuous splitter vanes instead of guide vanes, in the
large turn as shown in figure 7(b), was also for structursl
reasons rather than asrodynsmic.
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An alr lock is provided to allow access to the test chanber
and test section when the tunnhel i1s at prossures other than
atmospheric. Use of the air lock by operating personnel is
limited to pressurss of not over 4 atmospheres absolute.

The wind tunnel is anchored at one centrally located point
and is supported at other points by flexible columns and sliding
shoes in order to allow for movemsnt due to lemperature and
pregsure stresses.

Previous experience in the Langley smoke-flow tunnel had
indicated that convectlve currents caused by unegual heating of
varlous parts of ‘the alr stream could introduce appreciabls amounts
of turbulence. A sun shade was therefore provided over the tep of
the tunnel shell to reduce the differences in temperature betwsen
the wpper and lowsr parts of the air stream dus to solar heating
of the upper part of the shell.:

. Drive and control system.- The ailr strsam of the Langley two-
dimensionsl low-turbulence pressure btunnel 1ls driven by a 20-blade
aluminum-alloy propeller having a diameter of 13 feet. Counter-
venes directly downstream of the propeller are provided to remove
the twist from the alr stream. The pitch of the propeller blades
and the angle of the counbervanes are adjustable, but no change
in setting ls necessary for the present cperating range because
the motor develops approximetely fvll power over & 2 to 1 speed
range. The propeller hub is enclosed by a 5-fool-diameter fairing.
The propellsr shaft extends throusgh e packing gland in the tunnel
shell and is connescted to the motor located in an edjoining =
building.

The drlve motor is a 2000-horsepower separately sxcited
direct-current motor. Power lg supplled to the drive motor from
a motor generator set. The fisld clrcults of both ths motor
end the generator are equinped with vacuunm~-tube voltage rogulators
to minimlze fluctuations in speed. Speed can be easily controlled
throughout the entire renge from idling spesd o 600 rpm by
varying the generator.voltage and the motor field by manual move-~
ment of rheostats in the regulabor-control circuit.

Tunnel gpeed ls measured on a manocmeter in terms of the
uncorrected dynamic pressure q,' of the alr streem in the test
gection. An indication of the value of q,' 1s obtained from
the difference between the pressures on an impact (total pressure)
tube locabted in the large section of the tunnsl sahead of the
entrance cone and the static presswre en static orifices located
a short distance upstream of the test section. Both the total-
pressure tube and the static-pressure erifices were callbrated
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against a standardized wind-tumnel calibrating pltot-astatic tube
mounted in the tunnsl test ssctien. PFactors with which to correct
the measursd total pressure and statlc pressures were thus
obtained. - The dynamic-pressure, Reynolds number, end Mach number
range of the tumnel for various tank prespures are shown in
figure 16.

Screen instellation.- A ecreen installstion patterned after
the previously described screen installation in the Langley two-
dimensional low-turbulence turmel was medes In the new nressure
tunnel. (See fig. 11.) Eleven scrsens were instelled, howsver,
insteed of seven and the suspension springs and fasteninas were
made consliderebly stronger to withstand the higher loads. It was
not possible, with a practical Gereen imstelletion, to keep the
" Reynolds nmumber of the flow around the wires of the screen below
the critical value for viscous flow throughout the entire
operating renge of this tunnel. The wire size used (0.0065-insh
diameter) however, sllowed the tumnnel to be operated below the
critical Reynolds number of the wives up to a model Reynolds 5o e
nvmber of about 5.5 x 108 per frot of molel chord. (See fig 10.}— %i°
Upstrean of the eleven 30-mesh screens, & 60-mesh screen waa
irgtalled on a framework which supoorts the ccoling coils
described in the next section.

Turbulence measurements weve made in Aurust 19kl ¥With the
Neticnal Bureau of Standards hot~wire ansmemeter and tfpical
reaulte are shown in figure 2.

Cnoling installation.- A firned cooling coil 1s located in
the large section of the tunnel immediately upstream of the
60-mesh screen to control the temperature of the air streem.
This cocling coil, which is 5 inches thick and ccvers the whole
area of the alr stream, contains a doubls row of copper tubes
through vhich water from a cooling tower 1s passed at the rate
of 1000 gallons per minute. In order to give a nearly uniform
cooling distribution, the water enters some of the tubes from
the top and others from the becttom. The coil is of adeguate
capacity to remove all the heat put inte the alr strsam during
full-pover operation after a mcderate rige in air-stream temperaturs.

In ordsr to prevent extremely high humidity. when the air in
the tunnel ie compressed, dehumidification of the alir is necessary.
This result is accomplished by a refrigeration wnit in the test
chamber containing coils for Freon-12 anj water. Ailr from the.
tunnel is circulated throunh the “efrigeraticn colls by a blower,
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and the condensed moisture flows out of the tunnel through &
drain trap. A relative humidity of about 50 percent is usuelly
mainteined.

The refrigeration unit also provides necessary cooling of
the test chamber when the operatlng persommel are working Iinside.
Additional coils for Freon-12, operating from the same refrigera-
tion compressor as the colls in the teat chamber, are installed
in the alr lock to provide cooling for personnel making entries
into compressed air.

Blower equipment .- Auxiliary blower equipment conelating of
three multistage centrifugel blowers, each driven by a 100-horsepower
shunt-wound direct-current motor, 1s Iinstalled Inside the tunnel
test chamber. ZEach blower has a maximum capacity of 3950 cubilec feet
per minute with s pressure rige of 3.5 vounds per squere inch at
atmoepheric pressure and & maximum capacity of 1720 cubic feet per
minute with an 8.0-pound-per-squere-inch pressure rise at
10 atmospheres. .

The blower duct system is interconnected so that flexibility
in the use of the blowers in tummel cperation is obtalned. ZEither
one or two of the blowere 1s used for boundary-leyer control of
the test-section wall and for control of the test~section
longitudinal static~pressure gradient in a manner gimilar to
that previously described for the test section of the Langley two-
dimensional low-turbulence tunnel. The remalning dblower or
blowers are used for tests requiring an external alr supply.

Model sizeg.- Models tested in the Lengley two-dimensional
low-turbulence pressure tunnel usually completely span the 3~foot-
wide test section. Chords of these models have ranged from 6
to 100 inches. In general, however, two ranges of chord slze
are used, namely, 2h-inch chord (fig. 12) for standard 1ift,
drag, and pltching-moment characteristics, and large-chord (70 to
90 inch) practical-construction models {fig. 13} for drag measure-
ments over a mmall angulsr range near design 1ift. Model chords
for the determination of maximm 1ift coefficlents have been
limited to 36 inches because of the effect of the tunnel walls
on the pressure distributions of large models at high 1ift
coefficients.

Methode of mounting models.- For almost all tests except
those 1n which pltching moments asre to be obtalned, models are
locked to the engle~of-attack mechanlsm and completely span the
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tunnel test section with the ends of the model sealed to prevent
air leskage.. When piitching moments are to be obtained in the
test, the mcdel is mounted on & pitching-moment balance which is
d.escribed. in a su'bseq_uent section entitled, "Torque Balence for
Momen'bs. .o

‘l"rnes of investigetions to which tunnel is sulted.- .The'
Langley two-~dimensional low-turbulsnce pressurs tumnel, with
the priesent equipment, 1s varticularly suited for Iinvestigation
of the effects of the baslc variables of sghape, camber, and '
surface condition on airfoil, .flap, and control-surface ‘charac-
teristics at Reynolds nu:mbers in or mear the flight rangs of
modern a.irpla.nes These baglc varlables can bs studied and
evaluated from two-dimensional-flow date, which simplifies the _
problems to a great extent, becavse nany comollca.t..ng Tactors
entering the three —dimsnsional tests are eliminated. Investiga-
tions are made with relatively inexpensive models of a sgize
convenlent for handling, and the resulis of the teats are
quickly ochtained with only a small amount of computaticn.
Typlcal models are shown In figures 12, 13, and llL.

Investigetions to find the aeroimamic chara.cterisnics of
alrfoils with air intakes and exits (fig. 15) or with boundary-
layer control slots (£igz. 15) can be easily made, and the wing-
body interference effects of nacelles, fusala.ses, vropellers,
jets, and protubsrances (fig. 17) cen b3 determined at relatively
high Reynolds nuwbers with models of a convenient size.

Methods of Measurement

A large pert of the following discussion of wmethods of
measuremsnt is beken from the appendix of reference 9, which
wes wrltiten by M. M. Xlein.

The 1ift end drag characterisiics of airfoils tested in
the Langley two-dimensional low-turbulence .pressure tunnel are
usuwally measuvred by methods not requiring the use of balances. The
1ift 'is svaluated from e measursrent of pressure reactions on
the floor and ceiling of the tunnel. The drag is obteined Trom
msesursements of static and total pressurss in the weake of the
aeirfoll. Moments are usually meesured by a balance. These
methods of measuvring the forces on the model have the advantage
thet data can be easily reduced and tare corrections in the
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usual senge, that is, forces acting on the model supports are
eliminated.

Measgurement of lift.~ The 1ift carrled by the alrfoll
induces an equal and opposite reaction upon the floor and
celling of the tunnel. The 1ift may thereforc be obtained by
integrating the pressure distridution along the floor and
ceiling of the tunnel. This integration is made auntomaticelly
with an integrating manometer described subsequently herein.
Theoretically, the pressure field about the airfoll extends to
infinity in both the uprtreasm and downstreem directions. All
the 1lift ils therefore not included in the finite length in the
vicinity of the test section over which the integration is
performed.. The orifices in the floor and celling in the
Langley two-dimensional low-turbulence pressure tunnel extend
over a length of approximately 13 feet. The ratio of the measured
1ift to the actuael lift for any Lift distribution haas been
calculated theoretically. The calculation was maede by finding
the ratio of the measured 1ift to the actusl 1ift of a two-
dimensional point vortex sltuated at any positlon along the
center line of the tumnel. A plot of this ratio n, against

position in the tunnel is given in figure 18. The ratio of

the measured 1ift to the actual 1lift for any 1ift distridbution 7
is found by determining the weighted average mny over the

chord of the model over the floor of the tunnel as follows:

Ppn.d(F)
‘Z;ord Rix-e

Pa(%)
Hz;ord R Ci

=

whore ER is the resultant pressure coefficilent. The valuesd
of 1ny, and n, for the Langley two-dimensional low-turbulence
pressure tunnel are given in the followling table where np 18

the n factor corresponding to the basic mean line load and
Na is the 1n factor for the additional type of load as given

by thin~airfoil theory. The basgic mean-line load of the airfoll
1s designated by the symbol .2 which denotes the fraction of the
chord from the leading edge over which the deslign load is
uniform (reference 9).
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VALUES OF n, AND 1, FOR LANGLEY TWO-DIMENSIONAL

LOW-TURBULINCE PRESSURE TUNNEL

e, It .
0.5 1.0 2.0 k.0 6.0 8.0
&
i)
0 0.9320 | 0.93231 0.9372 10.9302 10.9251 | 0.9165
.1 9320 ) 9323} .9323 ; .9302 ] .9253 | .9168
.2 93211 932k |  .9325 9306 | 92581 .0173
.3 93221 .9325 9328 | 9310 | .9262§ .9177
A 93231 .9327{ .9330 | .@315 | .98R6 1} .9177
5 932k | .92291 .9333 | .0318 | .9267] .9172
.6 93251 .9331) .9336 | .9320 | .9264 | .9160
-7 9326 | .9333; .9339 | -9322 ) 9258 ] .91ko
.8 932741 2335 .93k2 | .9321 | .9247 | .9109
.9 93281 93371 9345 | .9318 1 .9231 ] .9066
1.0 93301 .9339| .93k7 | .31k | .9209 | .9010
- o
------ 0.9311 { 0.9307 | 5.9296 10.925k 0.9179 | 0.9068

The 1ift coefficlient of the model in the tunnel uncorrected
for blocking cz' 1s given in torms of the 1ift coefflcient
measured In the tunnel c3; and the design 1ift cosfflcient of

the airfoll czi by the following squation:?

°z
=2 (20 e

Insemuch as 1y, dces not differ much from 1., it is not

necessary that the basic loed or the design llft coefficlient be
known with great accuracy.

Because of tunnel-wall and other effects, the 1ift distribution
over tho alrfoll in the timnel does not agree exactly with the
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assuned 1ift distribution, but because of the small variation of
n  with 1ift distridbution, errors caused by this effect are
considered negligible. Errors caused by neglccting the effect
of airfoll thickness on the distribution of the 1ift reaction
slong the tumnel walls can also be ghown to be small.

Measursnment of drag.- The drag of an airfoil mey be obtained
from observetlons of the pressures in the wake (reference 10).

An{agproximationlto_the drag 1s glven by the loss in total pressure

of the al®y In the waeke of the airfoil. The loss of total pressure
1s measured by a rake of total-pressure tubes In the wake. The
reke used in the Langley two-dimenslional low-tu-bulence pressure
~tunnel ia ghown schamatica’ly in flgure 19 and the survey
apparatus for moving the rake in figure 20. Vhen the total
pressures in froent of the airfoll and in the wake are revresented
by H, and L, respectlvely, the drag coefficlent Cdnp obtained

from loss of total pressure 1s

where

H
H, coefficlient of loss of totel pressure in the wake (:ETS_E%)
o

T distance perpendicular to stream diracfion from position
of H,
max

IP the statlc pressure in the wake 18 represented by v,
the true drag coefficient uncorrected for blocking cg' may
be shown to be (rePference 10}

S dy e )
1 o) [ JW L2l
Cqg = LRQ /3 T-TH, ( - -H )X hes )

c

Hy - Py

where S, 1p the static-pressurc coefflclient in the wakse 2
. o

The assumption 1s made that tho varlatlon of total pressure
b Hom oo = (et (1= gT (et )

s e s, hd

j e =P ("f - gz P )

3 T~
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acrogs the wake cen be represén"be'd by a normal probebillty curve.
The dreg coefficlent cc‘.' i1s then easily chiainable from measure-

menta of ¢ by meens of a factor K, the ratio of cg' to
Cas_,  Wwhich depends only on Sw end the meximum value of H,. IT
the meaximum value of H, 1s represented by X , the equation

of the normal proteblility curve is

= H e
c Cmax

wvhere B 18 & dimensionlsss constant that determines the width

of the wake. Tf a convenlent variable of intégration Y = E‘ZJ is
used, the ratico ¥ iIis -

and 1s independent of the width of the wake. The guantity X
has bvesn evaeluated for various values of B, and S, by

assuning S, to be constant scross the wake. The drag coefflcient

cq' may thus be cbtalned from tunnel measurements of Cdp He s

max
end S,. A plot of K as a function of H, with S5, as a

parameter is given in figure 21. A parallel treatment of this
problem is glven in rsference 1l.

Toraue balance for moments.- Pitching moments are measured
in the Tanaler two-dimsnsional low-turbulence pressure tunnel by
mounting the model on a borgue-rod balance. This belance 1ls
shown schemstically in figure 22. Deflection of the torque rod
1s smplified and indicated by s dial gege which is read by the
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operators. The moment corresponding to the observed deflsction of
the dlal gage is obtained from a calibration curve.

Calibration of the balance was made by hanging weights on an
arm of known length attached to a stiff ber which was mounted on
the balance in place of the model. The balance was calibrated for
a range of moments from ebout 235 foot-pounds in the direction of
positive airfoll pitching moments to 650 foot-pcunds in the negative
direction. A corresponding calibration curve was cbtained for
angulay deflection of the balance so that the angle of attack of
the model can be corrected.

Since it is necessary to mount the models with the ends clsar
of the tunnel walls, a method of sealing the gaps ls necessary.
For this purpose, rubber seals are atbached to the ends of the
model as shown in figure 23. These seals are inflated with air
to seal the gaps when moment readings are taken and deflated when
the angle of atback 1s changed. Wegligible errors in moment
readings result from the use of the rubber seals slnce a largs
pert of the deflection of the torque rod cccurs before the seals
are inflated; and after the seals are inflated, any additional
deflection resulting from a chenge in morent due to ssaling the
ends of the model causes a rolling action of the seals, which
offers very llttle resistance to small movements.

Principles of integrating manocmeters.=- Integrating mancmeters
ars used in both of the ILan ley two-dimenslonal low-turbulence tunnels
to measure 1ift end drag. In the case of the drag measurements,
the integrating manometer gives an indlcation of the integral

7 . :
J (B, - H,;) 4y, e first aporoximation to the drag,
weke '

where
H, free-stream total pressure
B, total pressure indicated by individual 'bube in wale

In the case of the 1ift measuwrements, two integrating menome ters
ers used to evaluate the following integrals:

2
/ - prr) 4L
v (2e - 2y} &L

o
y - p.) &L
Jr B T
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vwhere
D, roference pressure

Py stetic pressure at any point on the ceiling within the
length L

Pr, static pressure at any pcint on the floor within the length L

FEach integreting manomster consigts of a group of calibrated
tubes heving uniform bores of equal diameters conmected rigidly to
a common menifold end filied with liguid to & convenient level.
Pigare =k shows the arrangemept scnematically. Thz liguid levsl
in one tube, called the integrating tube, is read with a misrometer
ilcroscope to obtein e sufficiently accurate reading. This
integrating tube, together with ons or more other tGubes of the
manomster, is comnected tc a suitabls reference pressure. For the
drag mesaswensnts, this pressure is the free-stream total pressure.
Tor the 11Tt measurements, it is an arbitrary reference pressure.
The values cof the si‘orementinned. integrels ayre obtained by obssrving
the change in lsvel of the inteq;raﬂng tube that occurs when a
pressure distribution is e 3lied to the manometer.

The basic relations for the integrating manomsters may be
derived as follows: Let

Pr roeference pressure
P n 4 Dressure applied to individuval tube
’y_, [ ']
AL distance between uniformly spaced pressurs orifices
‘n nuber of lndividual tubes In integrating manometer or

" individual pressure orifices (tubes not acted upon
by reference pressvre)

I ratio of conmbined area of tubes connected to reference
pressure to tho area of a tubs connscted to an
indlividual orifice

A area of Individual manometer tube

8 height of liquid vhen same pressure 1is apvlied to
all tubes



n
n
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b height of liquid in integrating tube when pressure
distribution ls applied to menometer and reference
pressurs D, 318 applied to integrating and reference
tubes

hy o el helght of liguid in eny individuel tube when pressure
i distribution is applied

The volume of liquid ebove the level b vwhen a pressure distributicn

is applied to the menometer 1s equal to y_ (hy - P)A and the volume
1

of liguld above the level b when the pressure on all tubes ias the

same 18 equal to (n + k)A(e - b). Because the totel volume of
liquid In the menonmeter is constant

f;(hi-b)=(n+k) (a - D)

The deflection of oach individual tube (hy - D) is proportiomal
to the pressure difference (pp - py) or p(hy - b) = pp - Dy
vwhere p i3 the density of manometer liguid. Eence,

(pp - P{)AL = p(n + X) (a - DAL

=Ms

If the specing of the individuael orifices is sufficiently closse,
then for the 1ift integrating manomster

[e-p) m=otin -
or, In the cass of the drag manometer,

J,/;: (B, - B,) dy = oln + X) (a - B) &y
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where Ay is the spacing of the total pressure tubes in the rake.
The corresponding drag coefficient ¢ is found by dividing this
integral by the dynamlc pressure ' “and tho chcrd ef the model ¢.
The dynamic pressure Q' 18 usuve found from the deflsction

Opgp  of another menometer using the seame liquid as the integrating
ranoneter as follows: :

qe' = fgp APgpP

where fgp 18 & calibration facter fer Apgp. Hence

={n+ X (a -%blay
fspipspe

Cﬂ_T

The relations when the integrating manometers are applied to
the measurement of 1lift mey be derived by a similer procees.

Turnel-Wall Corrections

As discussed by M. M, Klein in the appendix of reference 3, in
two-dimensional flow, the tunnel walls may be conveniently considered
&8 having two distinet effects upon the flow over a model in the
tunnel: '

(1) An increase in the free-stream velocity in the neighborhood
of the model becauss of a conatrioction of the fiow

(2) A distortion of the 1ift dlstribution from the induced
curvature of the flow

The increase ir free-stream velocity caused by the tunnel walls
{(blocking effect) is obteined from consideration of an infinite
vertical vow of images of a symmetrical body as given in reference 12;
the images represent the effect of ths tunnel walls. TFor con-
venience in tummel calculations, the expression for AV, the
increment of tumnel velocity caused by blocklng, may be written

AT o
= Ao
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where

10

wherein ¢ 1e model chord and hp +the tunnel height. The factor «
depends only on the size of the body. The factor A dJdepends on the
shape of the body. The valus of A mey be cbtained from the velocity
distribution over the body by the expression

al
By (O et
vO

where v 1s the veloclity at any point on the suwrfece and dyt/ax
is the slope of the surface at any point at which the ordinate
is Jg-

In sddition to the error caused by blocking, an error exists
in the measured tunnel veloclity because of the interferonce effects
of the model upon the velocity indicated by the static-pressure
orifices located in the vertical walls a few feet upstream of the
model end half way between the floor and ceiling. In order to
correct for this error, an analysis was made of the velocity
distribution along tae streamline half way between the upper and
the lower tunnel walls For Ranlkine ovels of various sizes and
thickness ratlios. The analysls showed that the correcticn could
be expressed, within the range of conventional-airfoil thiclmess
ratios, as & product of a thickness factor given by the blocking
factor A and a factor & which dspends upon the size of the
model end the distance from the static-pressure orifices to the
midcherd point of the modsl. The corxrrected Indicated tunnel
velocity V' ocould then be written

V! o= V" (1 +AE).

whers V" is the velocity measured by the static-pressvre orifices.
In the Lengley two-dimensionel low-turbulence tunnels, for a nodel
having a chord of 2 feet, the distance From the static-pressure
orlfices to +the midchord point of the model 13 avproximataly

5.5 feet, and the corresponding valuve of & 18 anproximately 0.002.
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In order to calculate the effect of the tumnel walls upon the
11t distribution, & comperison is made of the 1lift distribution of
e glven airfoil in a tunnel and in free air on the basls of thin-
eirfolil theory. It ils assumed that the flow conditions in the tunnel
correspond most closely to thomse In fres alr when the edditional
1if%t in the tunnel end in free alr are the seme (reference 13).

On this basls, the following correctione are derived (reference 13),
in which the primed quentities refer to the coefficlents measured
in the tunmnel:

~
¢

“
Sk

cz=[1-2A(a+§) - ol ¢’

e 237 - 2A€ 1/\1‘1

cmc/lz. - '[1 - 2h (o + g)] cmc/l;., g L

hcrcmc /h_‘
At A —— T ————- ,
de, ' fdag!
are usually negligible for 2-foot-chord models in the Langley two-
dirensional low-turbulence tunnels.

In the foregoing equations, the terms @ , and oc,'/h

to

When the effect of the tunnel walls on the pressure distribu-
tion over the model 1s small, the wall effect on the drag is
nsrely that correspending to an increese in the tunnel speed.

The corrsction to the drag coefficilent is, therefore, given by
the followling relation:

cqg = [1-28(c+8)]cy (1)

S8imilar consideratlons have been applied to the development of the
corrections for the pressure distribution in reference 13.
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Equetion (1) neglects the blocking due to the waks, such
blocking being small at low to moderate drags. The effect of a
prossure gradient in-the tumnnel uvon loss of total pressurs in the
wake is not easily analyzed but is estiwated to be small. The
effect of pressure gradient upon the drag has, therefore, been
disregarded. When the drag is measured by a balance, the effect
of the pressure gradient upon the drag is directly additive and a
corrsction should be applied. For large models, especlally at
high 1lift coefficients, the effect of the tumnel walls is to
distort the pressure distribution appreciably. Such distortions
of the pressure distribution may cause large changes in the
boundary flow and no adequa'e corrections to any of the coefficients,
particularly the drag, can be found.

Correction for blocking at high 1lifts.- So long as the flow:
.follows the airfoll surface, the forsgoing relations account for
the effects of the tunnel walls with sufficient accuracy. When
the flow leaves the surface, the plocking increases because of the
predominant effect of the wake upon the free-stream velocity. Since
the wake effect shows up primarily in the drag, the increase in
blocking would loglcally be expressed in terms of the drag. The
accurate measurement of drag under these conditions by means of a
rake is impractical bscause of spanwise movemsnts of low-energy air.
A method of corrscting for increased blocking at high anglss of
astack without dras measurements has therefore been devised for use
in the Langley two-dimsnsional low-turbulence tunusls.

Readings tco indicate the floor and ceiling velocities are
taken a fow inches ahead of the guarter-chord point and averagsd
to yemove the effect of 1lift. This average F, vhich is a measure
of the effective tunnel velocity, is essentially constant in the
low-lift range. The quantity F/F,, whore F, 1is ihe average
of F in the low-lift range, however, showe a variation from
unity in the high-1ift range Tor any airfoil tested at high lifts.
A plot of F/F against angle of attack ao' for a 2-foot-chord
model of the NACA 6h -413 airfoil is glven in figure 25. The

quantity F/To is nearlJ constant for values of a,' up to 120;
but for values of a ' greater than 12°, F/'J.-O increeses, and the

increase ls particularly notlceable at and over the stall.

A theoretical comparison was made of the blocking factor Ag,
and the velocity measured by the floor and celling orifices for a
series of Rankine ovals of various sizes and thickness ratlos. The
guarter-chord point of each oval was located at the pivot point,
the usual position of an airfoil in the tunnel. The analysis showed
the relation between the blocking factor fAg and the change in F
to be unigue for chord lengiths up tc 50 inches in that different
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bodics having the sams blocking factor N gave approximately the
- same value of F- TFor chnords up to 50 Inches, ths relationship is

%Y = 0.45 <§% - % (2)

whore éN/V i8 the increuwent in tummel veloclty due to hlocking.
The fcregoing releticn was adopted to optain the correction to the
blocking in the range of lifts where = > 1.

o]

Considsrable unceritainty exists rogarding the correct
numerical value of the coefficisnt oczurring in equation (2)}. If
& row of sources, rather then the Rankine ovals used in the present
analysis, 18 considersd to represent the sfféct of the wake, the
value of the ccefficient in equation (2) would be approximately
twice the valus used. Fortumately, the corrsction amcvnts to
onily about 2 percent at maximum 1liftv for an extreme condition with
& 2-foot-chord model. Furthor refinement of this ccrrection has,
thersfore, not been attempted.

Comparison with sxperimont.- A check of the validity of the
tunnel-wall. corrections has been made in reference 13, which gives
lift and moment for models having various ratios of chord to
tunnel helght, uncorrected and corrected for tummsl-wall sffects.
The general agreement of the corrscted curves shows that the
method of ccrrecting the lifte and moments is valid.

A comparison 1s made in reference 13 bouwsen the thooratical
ccrrection factor (equation (1)) end the experimentelly derived
ccrrsctions of referonce 1h. The theoretical correction factors
were found to be in good agreement with those obtained experimentally.

In order to check the validity of the n-factor, a comparison
hes been mado of 1ift values cobtained from pressure distributions
with those obtained frum the integration of the flocr and celling
pressurss in the tummsl. A comperiascn for two airfolils given in
figure 26 shows that the two methods of measuring 1if+ give results
that ave in good agressment. The n-factor has also been checked
by comparison of the 1ift obtained from balance measuremsnts with
the integrating men~meter values in figure 27.

Finally, & check has besn made of the method of correcting
pressure distributions (reference 13) for NACA 6-geries airfolls
of two chord lengihs at zero angle of attack in Ffigure 23, in
which che pressurs coefficientg are plotted aghins. chordwise
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posltion x/c: The agreecuent between the correctsd pressure
distributions for both models verifies the method of meking the
tunnel-wall corrections.

Typical Resulcs

Standerd sirfolil charasterisgtics.~ Figure 29, which gives
the merodynemic charecterisuvics of the NACA Aho-215 airfoil section,
shows the type and range of data obteined in a standard alrfoll
tegt of a 2h-inch-chord model (fig. 12) in the Lenglsy twe-
dimensional low-turbulence pressurs tunnsl. These rosults are
typical of those presented in reference 9 for a larges number of

airfoils tested in this wind tunnsl.

The Reynolds numbey range cf 3 to @ X 10° wes selected for
convenience in testing since these Reynclde numbers can be reachsed
with 24-inch chord models at air presswrss which arce not ebove the
1imit allowed for personnel to snmier the tunnel under prossure o
inspect models. Tests can also he mado more quickly using thesse
lower alr nressures. Thess Reynolds nurbers are within ths landing
Reynolds nunbsr renge of meny alrplanss, and it is thought that
gufficlont indication of the scale effect cn the airfoll character-
isvics is obtained for application to largesr airplanes.

Since 1t is realizcd thet airplanss do not usually opsrats
with serodynamically smooth surfacss on the wings, standard
airfoll section characteristice (as showm in fig. 29) are obtained
both with smooth model surfaces and with roughness particles armHund -
the leading edge to simulate a conditvlon of an airnlans wing
surface somswhet rouchsr than thet usually caused by manufacturing
irrsgularitics or deterlorstion in service, but not so rough a3
- that usually encountercd undsr icing conditions or through damage
ag in bauvile.

Tests of airfoil section models with simulatsd 600 gplit
trailing-edee flaps are alco includzd in the standard airieil
cheracteristice shown in figure 29. It 13 bolioved that theose
data will give an indication of the effeciivensas of a mors
powerful trailing-edge high-lif't device although sufficient data
to verify thils assumption have not been obtained.

Drag charscteristics &t high Reynolds nuwbsrs.- The
dreg characieristics of a number of models having chords larger
then £4% inches have been obtained in the Langlsy two-dimensional
low-turbulonce pressurs uvmnsl over & limited range of 1lift.coeffi-
cient. Figure 30 shows drag date from a typlcal test of a2 medium
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size model having surfaces which were smooth and almost frese from
waviness. Testes such as Jhis have teunded to support the telief
+that the Reynolds number range covered by standsrd alrfoll tests
in this wind tunnel is usuelly sufficient to give an indicetion
of the variaticn of some of the slirfoll charactsristics at higher
Reynelds numbers.

largs chord practical-consiruction wing sections (fig. 13)
heve been tesited over & wide rangs of Reynolds numbers extending
to very high values to datermine the drag characteristics in the
anguler rungs nesr design 1ifi. (Ses reference 15.) Studies are
usually mads of the erffects of various surface finishea on ths
drag characteristics, and attempts are made to improve tho charac-
teristics by finishing methods which might be practical for a
manufacturer o use In acwval prcducticn. Figure 31 shows the
results of tests of a wing secticn of this type with two swiface
conditlions.

Corparigon with f1ight measurements.- Sevaeral tests have
beson made in vhe Langley wwo-dlumensi onsl low-turbulence prassure
tunnel which indicats rcascnably good egreement betwesn dats
obtained in thls tunnsl and in Tligkt. Figure 32 glves & com-
parison batween drag coefficisnte mesasured in flight and in the
wind tumnel. TFor the flight measurements, an airfoil ssction
mcdisl heving a chord of four feat and a 3pan of about six feet
was mounted on an airplans. For the wind-tunnel tests, a part
of this panel was used. Messurements were mads at the sames
spanwise position for both tests, and surface conditions werz ag
nserly the same as passibls. As shown in figure 32 drag coefflciemts
msasured in the wind tummel, although slightly higher than
those measured in flight, ars considered to agres very well in
the range tested.

Although no direct corrarison between airfoil boundary-
laysr msasurements made in flight and in the langley two-dimensional
low-turtulence pressure tunnel is available, ssveral teats and
caleculaziions indicaets that airfuil boundary-layer conditions
eguivalent to those of flight may be chtained in thkis wind ~unnsl

- under some conditicns. Boundary-laysr measursments in flight of
e specially built-up test pancl having an alrfoil sec.ion which
would permit extensive laminar Toundary layers indicated valuss
of Ry of 7300 to 900C. (See refurence 3.) By uss cf a
value of Ry of 3000, drag cosfficients were calculated for an
eirfoil tesced in this wind Tunnel, and tha rvesulie of the
calculations ars shown in figure 31, tcgether with experimental
rosults for the same airfoil. It can be seen that the resulis
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closely agree. These results seem to indicate that valuss of Ry
comparatle with those obtained in flight existed for this model in
the wind-tunnel uest.

More direct comparisons of ailrfoil charactoristics from the
results of flight tests and tests in the Lengley two-dilmensional
low-turbulence pressure tunnel are difficult to make because of
the complications of different swrface conditions and cther factors
which Influence the alrfoil characteristics to such an extont that
accurate conclusions can not.be reached.

Langley Memorial Aeronautical Laboratory
National Advisory Coumlttee for Aeronautics
Langley Field, Va. January 22, 1947
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ILengley two-dlmensional low-turbulence tunnel
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Figure 2 .~ Turbulence levels of the Langley two-dlmensional
low-turbulence tunnels.
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The Langley two-dimensional 1o
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(2) Phantom drawing of the tunnel and related equipment.

Figure 7.- Drawings of the Langley two-dimensional low-turbulence pressure tunnel.
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Figure 8,~ Airfoil model in the test section of the Langley two-dimensional low-turbulence
pressure tunnel (looking downstream).
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Figure 9.- Test chamber of the Langley two-dimensional low-turbulence
pressure tunnel.
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NACA TN No. 1283 . Fig. 11

Figure 11.- Turbulence-reducing screen installation in the Langley two-
dimensional low-turbulence pressure tunnel, looking upstream toward
upper left-hand corner.
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-turbulence pressure tunnel.

dimensional low

" Pigure 12.- Typical 24-inch-chord airfoil-section model tested in the Langley two-
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cal models tested in the Langley two—dimensional 1ow-turbulence tunnels.

lateral-control and high-lift devices.
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Circular-arc airfoil-section model with leading- and trailing-edge flaps.

Figure 14.- Concluded.
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Circular-arc airfoil-section model with leading- and trailing-edge flaps.

Figure 14.- Concluded.
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Fig. 16

NACA TN No. 1283

]

e 16.- Model with boundary-layer suction

Figur
slot, leading-edge slat, and double-slotted
tested in the Langley two-

trailing-edge flap
dimensional low=turbulence tunnels,



() Model with 'simula.ted 20-millimeter cannons installed in the nose,

Figure 17.- Models tested in the Langley two-dimensional low-turbulence pressure tunnel to
study interference effects of wing-body combinations.
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Model with pusher-propeller installation.

Figure 17,- Concluded,
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Figure 20.~ Wake-survey-apparatus mechanism used in the Langley two-dimensional low-
turbulence pressure tunnel.
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Figure 22.- Torque-rod moment balance installed in the Langley two-dimensional
low-turbulence pressure tunnel.
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Figure 23.-

Rubber seals attached to ends of model for pitching-moment test in the Langley
two-dimensional low-turbulence pressure tunnel,
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Fig. 24
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Fig. 30 NACA TN No. 1283
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